A B S T R A C T This investigation was designed to define the cellular level at which the gamma to beta globin switch is established in the developing simian fetus in order to determine whether the switch is controlled by environmental influences within differentiating erythroid precursors or predetermined by the genetic program of erythroid progenitors. Samples of marrow and liver were obtained from rhesus fetuses throughout the switch period, and marrow was obtained from adult rhesus monkeys. Globin chain synthesis was then measured in differentiated erythroblasts and in erythroid progenitor-derived colonies grown in semisolid media. The relative rates of synthesis of gamma and beta chains were determined by the uptake of [3H]-leucine into the respective chains separated by Triton gel electrophoresis and in some cases by urea carboxymethyl cellulose chromatography. Four periods of the switch were defined during fetal development. In the preswitch period both erythroblasts and progenitor-derived colonies produced <5% beta globin. In the early switch erythroblasts produced 5-15% beta globin, while progenitor-derived colonies produced 10-35% beta globin. In mid-switch erythroblasts synthesized
fine the cellular level at which the gamma to beta globin switch is established in the developing simian fetus in order to determine whether the switch is controlled by environmental influences within differentiating erythroid precursors or predetermined by the genetic program of erythroid progenitors. Samples of marrow and liver were obtained from rhesus fetuses throughout the switch period, and marrow was obtained from adult rhesus monkeys. Globin chain synthesis was then measured in differentiated erythroblasts and in erythroid progenitor-derived colonies grown in semisolid media. The relative rates of synthesis of gamma and beta chains were determined by the uptake of [3H]-leucine into the respective chains separated by Triton gel electrophoresis and in some cases by urea carboxymethyl cellulose chromatography. Four periods of the switch were defined during fetal development. In the preswitch period both erythroblasts and progenitor-derived colonies produced <5% beta globin. In the early switch erythroblasts produced 5-15% beta globin, while progenitor-derived colonies produced 10-35% beta globin. In mid-switch erythroblasts synthesized 458 50% beta globin, whereas progenitor-derived colonies produced only 15-35% beta. At the completion of the switch erythroblasts produced 100% beta globin, while progenitor-derived colonies produced as little as 40% beta chains. We conclude that the program of globin synthesis that characterizes the fetal switch is established at the level of erythroid progenitors. Fetal erythroid burst-forming units (BFU-E) dominate the marrow prior to the switch. The early switch period is heralded by the appearance of adult erythroid burstforming units programmed to express increasing beta chain synthesis in colonies. By mid-switch a second class of adult erythroid progenitors capable of giving rise to fetal and adult hemoglobin synthesis in in vitro colonies becomes apparent. These shifting populations of erythroid progenitors with unique globin synthesis programs give rise to the erythroblasts that create the sigmoid pattern of the fetal to adult hemoglobin switch in the developing simian fetus.
INTRODUCTION
One of the characteristics of normal human ontogeny is an orderly switch in the relative rates ofexpression of the gamma and beta globin genes. At 16-20 wk gestation, gamma chain synthesis represents -90% of total non-alpha chains (1) . At birth the contribution of gamma genes is reduced to -60% ofthe total non-alpha synthesis (2) . In normal adults hemoglobin F is <2% of the total hemoglobin (3).
Molecular and cellular control of this fetal to adult switch has been a subject of intense investigation not only because of its importance as a model of gene regulation, but also for its clinical relevance. Inhibition of the switch could ameliorate diseases, such as sickle cell and Cooley's anemia.
The study reported here was designed to determine the hematopoietic cell level at which commitment to the switch from gamma to beta gene expression is established during ontogeny. This has been a matter of controversy. For example, the relative ratios of gamma and beta gene expression are influenced in culture by the state ofmaturity oferythroid precursors (4, 5) .1 They are also said to be influenced by manipulation ofthe conditions in which erythroid precursors are incubated (6, 7) . The above findings suggest that commitment to particular non-alpha globin gene expression occurs at a relatively late and morphologically identifiable stage of erythroid differentiation. On the other hand, the complexity of gamma, delta, and beta gene regulation implies that such fundamental decisions might be made at the level of erythroid progenitors and; that the process of ontogeny must be accompanied by an orderly progression of CFU-S-derived BFU-E endowed with increasing capacity to express the outputs of beta rather than gamma genes. Such a preprogrammed process would probably be independent of environmental or pharmacological manipulations other than those that interfere with the entire process of ontogeny and parturition (8) .
The cellular level at which commitment of beta globin gene expression is established has been investigated in several laboratories in which human, simian, and caprian systems have been explored with varying interpretations of the results (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) 18) . The experimental design presented here was strongly influenced by our perception that the potential role of progenitors in the gamma to beta switch program could only be established if we examined a model system that embraced the entire switch period in a species with definable beta and gamma expression and in colonies derived from early and late progenitors as well as precursor cells. Therefore, we studied planned pregnancies in rhesus monkeys (Macaca mulatta) and examined the gamma to beta switch in the erythroid progenitorderived colonies and in the differentiated erythroid precursors in adults and developing fetuses of that species. 1 In this paper the term erythroid precursor refers to the stages of recognizable nucleated erythroid cells from pro to orthochromatic erythroblasts. The term erythroid progenitor inclusively describes the several classes of morphologically indistinguishable derivatives of trilineage colony forming units (CFU-S) that are committed to formation of erythroid precursors. The most primitive erythroid progenitor is an erythroid burst forming unit (BFU-E). The most mature is the erythroid colony forming unit (CFU-E). The identification and enumeration of these progenitors is necessarily indirect, based largely on the configuration and rate of appearance of the colonies to which they give rise in vitro.
METHODS
Animals. Rhesus monkeys (Macaca mulatta) were housed at the New England Regional Primate Research Center in Southborough, Mass. All procedures were approved by the scientific advisory committee at the Center. Normal adult monkeys were anesthetized with phencyclidine hydrochloride (Semylan, Parke-Davis, Morris Plains; N. J.) 1 mg/kg, administered intramuscularly. 20 ml of blood was drawn from the antecubital vein, and added to 1 ml of alpha medium lacking nucleosides (Gibco Laboratories, Grand Island Biological Co., Grand Island, N. Y.) containing 100 U of heparin. Bone marrow was aspirated from the posterior iliac crest. Less than 0.5 ml was aspirated at each time, and multiple aspirates were added to 5 ml of alpha medium with heparin.
Pregnancies of specific gestational ages were obtained by mating an ovulatory female with a male for 3-5 d. The pregnant female was tranquilized with phencyclidine, and then given 1 mg/kg succinyl choline intravenously, intubated, and anesthetized with halothane and oxygen. The fetus was delivered by caesarean section. 5-20 ml of umbilical cord blood was added to 1 ml ofalpha medium with 100 U ofheparin. The long bones were removed surgically, the ends cut off, and bone marrow cells flushed out with an 18-gauge needle on a 20-ml syringe, using 15 ml of alpha medium. The liver was removed and placed in 50 ml of cold alpha medium. The gallbladder was dissected away, and the liver was minced with scissors. The liver was then dissociated into single cells using Ca++-and Mg++-free Hanks' balanced salt solution (Gibco Laboratories) containing 1 mM EGTA (Ethyleneglycol-bis [beta-aminoethylether]N,N'-tetraacetic acid) according to the procedure of Schwartz et al. (19) . The cells were suspended in 25 ml of alpha medium and large chunks removed by settling for 2 min. The liver cell suspension was then centrifuged on Ficoll-Hypaque (Pharmacia Fine Chemicals, Uppsala, Sweden) to separate the hepatocytes (bottom layer) from the nucleated hematopoietic cells (interface layer). Packed erythrocytes were suspended 1:1 in alpha medium, and blood, bone marrow, and liver were all centrifuged on FicollHypaque at 400 g for 30 min at 18°C. The interface cells were washed in alpha medium, counted, and resuspended in alpha medium at 10 times the final concentration.
Cell culture. Mononuclear cells were plated at 1-2 x 106 cells per ml (blood) or 3-5 x 105 cells/ml (marrow and liver) in the plasma clot culture system described elsewhere (20) (21) (22) . The erythropoietin used came from several sources, including human urinary erythropoietin, lots H-34-TaLSL, ARG-8-TaLSL, ARG-378-TaLSL, M-7-TaLSL, H36-TaLSL, kindly provided by Dr. Anne Ball, National Institutes of Health; and anemic sheep plasma erythropoietin (Connaught Medical Research Laboratories, Willowdale, Ontario, Canada, step III, lots 3022-3, 3030-1,3026-1, 3026-4, 3025-1, 3029-1).
Clot volumes were 0.1 ml for morphologic studies. Three clots of 0.3 ml were used for biosynthetic studies. Erythropoietin was usually 2 U/ml. For labeling newly synthesized proteins a 0.03-ml volume containing 15 uCi of [3H]leucine (New England Nuclear, Boston, Mass., > 100 Ci/mmol) was overlayed on each 0.3 ml clot (23) . The The cells were recovered from the plasma clots by treatment with Pronase (22) . Three 0.3-ml clots were pooled and 3 ml of a solution of Pronase (Calbiochem-Behring Corp., American Hoechst Corp., San Diego, Calif.), 1 mg/ml in 0.9% NaCl was added. The clots were dissociated by gentle agitation. Cold serum was added to stop the reaction, and the tubes centrifuged at 4°C for 5 min at 500 g. The cells were washed twice with cold 0.9% NaCl, and then lysed for 1 min with 30 ul of cold deionized water containing 0.1% Triton X-100. Stroma were removed by centrifugation at 1,200 g for 10 min at 4°C. The lysates were stored at -800C.
Globin analysis. Aliquots ofblood, bone marrow, and liver cells were removed prior to the Ficoll-Hypaque centrifugation, washed with Krebs-Ringer's-phosphate solution and incubated with [3H]leucine for 2 h at 370C as described previously (24) . This was to label newly synthesized globin chains produced by peripheral blood reticulocytes, or by bone marrow or liver erythroblasts. Globin chain synthesis patterns were determined in two ways. First, samples with low specific activities were treated with acidified acetone to precipitate globin chains. The globins were then separated by chromatography on carboxymethyl cellulose CM-52 columns. The elution buffer consisted of 8 M urea with a nonlinear gradient of sodium phosphate, provided with an LKB Ultrograd 11300 gradient forming device (LKB Produkter, Bromma, Sweden). The starting buffer was 3.5 mM, pH 6.75, and the finishing buffer 35 mM, pH 6.75. This method is similar to a system used to separate human globin chains (24) .
In most studies, globin chains were separated by electrophoresis on polyacrylamide gels, as described by Rovera et al. (25) and modified by Alter et al. (26) . Radioactive lysates, plus unlabeled carrier fetal and adult monkey hemoglobin when indicated, were electrophoresed on 11-cm slab gels. The gels contained 12% acrylamide, 0.08% bis-acrylamide, 6 M urea, 5% acetic acid, and 2% Triton X-100. Preelectrophoresis was for 1 h at 200 V followed by a second preelectrophoresis with 1 M cystamine for 45 min at 150 V. The samples were dissolved in 6 M urea, 5% acetic acid, 0.8 M mercaptoethanol, and electrophoresed for 17 h at 8 mA. The gels were stained for 30 min with 0.5% Coomassie blue in 30% methanol, 7% acetic acid, and then destained in methanol-acetic acid by diffusion. The gels were then treated with dimethylsulfoxide and PPO, for fluorography (27) , using preflashed Kodak X-Omat R film (28) . The film was developed in a Kodak X-Omat (Eastman Kodak Co., Rochester, N. Y.). The fluorograms were scanned at 615 nm in a Gilford 2400 or 240 spectrophotometer with a linear transport mechanism (Gilford Instrument Laboratories, Inc., Oberlin, Ohio). The time ofexposure ofthe films was sufficient to produce an absorbance ofbetween 2.0 and 3.0 in the highest peak (the alpha chain). The areas under the peaks were. determined by drawing a base line connecting the lowest points surrounding each peak. Globin bands were identified by their coelectrophoresis with unlabeled carrier globins, and their alignment with radiolabeled control fetal and adult globin chains in the same slab gel. The gel data were used to calculate the percent beta synthesis [,81(,8 + y) x 1001 and the percent gamma 2 [y2/(y, + Y2) x 100]. Globin chain synthesis was compared in marrow erythroblasts, CFU-E-derived colonies, and BFU-E-derived colonies.
The globin chain composition of the blood of animals of various ages was determined by electrophoresis of 30 ,ug of hemoglobin on a 6.0 x 14-cm disc gel for 18 h at 100 V. These gels were stained for 24 h with 0.05% Coomassie blue in 30% methanol, 7% acetic acid, and destained by diffusion. The stained proteins were quantitated by scanning at 550 nm in the Gilford as above. Fig. 1 shows a typical electrophoretic separation of the three major globin chains in the peripheral erythrocytes of a developing fetus and the two major chains of an adult rhesus monkey. The basis of gamma chain heterogeneity in the rhesus is not due to glycine/alanine variability at position 136, as is the case in humans (30, 31) . Fig. 2 shows the time-course of the switch from 100% fetal to 100% adult globin in the rhesus. Note that only -30% of fetal globin is replaced by adult globin at parturition. Fig. 3 demonstrates the cellular distribution of fetal hemoglobin in a 22-d-old rhesus infant. Most of the cells are darkly stained because they contain a large proportion of HbF. However, in contrast to previously published claims (32) many are clearly intermediate in intensity, and some are "ghosts" that had contained only adult hemoglobin. These ghosts were observed as early as 8 Fig. 6A . There was no gamma chain synthesis in the erythroblasts. In contrast, radioactivity was prominent in the gamma-i and gamma-2 regions of the globin chain electrophoreses prepared from CFU-Eand BFU-E-derived colonies. The high background in some lanes was due to nonglobin proteins, synthesized by cells in nonerythroid colonies, particularly in adult specimens. Total gamma chain synthesis was 29% in the CFU-E and as high as 66% in the BFU-E-derived colonies in this experiment. Four such studies are summarized in Table II . Gamma chain synthesis was absent in all ofthe erythroblast samples, but was easily detectable in all of the progenitor-derived colonies. 
GLOBIN CHAIN BIOSYNTHESIS IN FETAL ERYTHROID
PROGENITOR-DERIVED COLONIES Fig. 6B provides an example of a determination of globin chain synthesis in fetal erythroid precursors and erythroid progenitor-derived colonies in the early switch period. Beta globin synthesis was just detectable (9%) in precursors but was prominent in progenitor-derived colonies, particularly those derived from
The results of a series of such studies carried out during the pre, early, and mid-switch periods are set out in Table III . The data show that beta globin synthesis was negligible in erythroblasts and colonies of the preswitch period. In two of three studies performed during the early switch period the percent beta chain synthesis in progenitor-derived colonies substantially exceeded that detected in erythroid precursors, and BFU-Ederived colonies were particularly striking in this regard.
The findings at mid-switch were paradoxical. The relationship of progenitor-derived colony beta chain synthesis to precursor beta chain synthesis had become completely reversed. The colonies (particularly those derived from BFU-E) exhibited considerably lower beta chain synthesis than did the erythroblasts. Similar findings were noted in single studies of mid-switch in a caprian model system by Darbre and her associates (17) and a baboon system by DeSimone and his coworkers (15) .
THE OUTPUT OF THE GAMMA GENES
The ratio of gamma-2 to total gamma chain synthesis remained quite constant in all of the studies of fetal progenitor-derived colonies but comparison of Table  III with Table II shows that the ratio tended to be lower in adult progenitor derived colonies than in either the erythroblasts or progenitor-derived colonies of fetuses. It should be emphasized that quantitation of that ratio was rendered somewhat imprecise by the close proximity of nonglobin chains to the gamma areas of the electrophoretic gels. That the contaminating bands on the gels shown here were derived from nonerythroid cells was established by the fact that they appeared in gels from cultures of adult marrow to which no erythropoietin had been added and no erythroid colonies had developed. Furthermore, they did not appear in gels in which labeled reticulocyte proteins were separated. Not shown in the tables is the fact that an increase in the concentration of erythropoietin in the cultures over a 20-fold range from 0.1 to 2 U/ml did not influence either the percent beta or the percent gamma-2 in the erythroid colonies.
DISCUSSION
The study reported here was designed to determine whether the program ofthe gamma to beta globin switch in the developing simian fetus could be indirectly detected in fetal erythroid progenitors prior to its detection in the differentiated erythroid precursors to which the progenitors ultimately give rise. Similar inquiries have been previously launched by other investigators who have utilized aborted human fetal samples as well as human cord blood cells for this purpose (9) (10) (11) (12) (13) (14) . Such human studies cannot be directly compared to the simian system. First, the human pre-switch period is characterized by somewhat higher beta chain synthesis in precursors. Beta chain synthesis in the erythroid precursors of human fetuses as early as 84 d gestation ranges from 7 to 10% (1) . Second, the human switch occurs over a considerably longer time-course than does the simian switch. In fact, the midpoint of the human switch is not even attained at the time of birth. Thus human abortuses provide pre-switch samples and cord bloods offer early and accelerating switch samples.
Despite these differences the data in Fig. 7 , which represent a compilation of human studies in which relevant progenitor and precursor analyses were performed, agree with our findings in the simian pre-and early switch samples. In the human pre-switch period, the percent beta synthesis in progenitors and precursors is generally equal with perhaps a slight weight toward beta synthesis in progenitors. During the early and accelerated switch, the progenitor-derived colonies (particularly the BFU-E-derived colonies) exhibit considerably more relative beta synthesis than the differentiated precursors can summon. The erythroblasts become endowed with the non-alpha chain program detected in their progenitors several days before. Data in humans at mid-switch are not available because the acquisition of such information would require marrow aspirates or large blood samples from healthy infants. Study of this period demands a simian model. There the observed data are unexpected and apparently paradoxical. Fig. 8 provides a summary of our simian switch data. In the early switch period progenitorderived (particularly BFU-E-derived) colonies exhibit higher percent beta chain synthesis than do the differentiated precursors obtained in the same sample. But at mid-switch the reverse is true. The progenitor-derived colonies, particularly those that arise from BFU-E, exhibit much lower percent beta chain synthesis than do the precursors. These results qualitatively resemble those derived from studies of adult monkeys (Fig. 8) . 
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Fetal hemoglobin is not normally detected in adult simian marrow erythroblasts or circulating erythrocytes. However, the marrow BFU-E-and CFU-Ederived colonies of normal adult rhesus monkeys and baboons contain cells that produce gamma chains. Adult baboons rendered anemic or anoxic rapidly produce erythrocytes that contain high levels of fetal hemoglobin (15, 33) . Thus erythroid progenitors capable of expression of gamma genes in the erythroid cells to which they give rise are present in normal adult animals and probably contribute to the profusion of F cells that emerge in the blood during stress erythropoiesis.
In man, as well, adult marrow precursors normally produce only tiny amounts of fetal hemoglobin but progenitor-derived colonies that produce HbF are detected in variable proportions in human marrows (23, (34) (35) (36) (37) (38) . More importantly, the frequency of such progenitorderived colonies increases in chronic anemic states (23, 34, 35, 37) , conditions in which F erythrocytes are detected in increased frequency in the peripheral blood (39, 40) .
These studies of adult simian and human erythropoiesis suggest that certain erythroid progenitors capable ofgiving rise to erythroblasts that synthesize both HbF and HbA exist in variable frequencies in adult marrow. We call these progenitors BFU-EFA. Their presence helps to explain our findings in fetal simian marrow at mid-switch. Fetal BFU-E (BFU-EF) dominate the marrow and hepatic erythroid progenitor pools in the pre-switch period. These progenitors or their programs are then progressively replaced by progenitors, the globin gene program of which is characterized by a rising ratio of beta to gamma chain synthesis. At mid-switch, the contribution of BFU-EFA becomes apparent and persists into adult life. These may actually be the progenitors of the F erythrocytes that accumulate during anemic stress.
This study of the fetal-adult switch in the simian system shows that the ratio of beta to gamma globin synthesis to be expressed in precursors in the fetal marrow is apparently determined at the level of progenitor cells that are endowed with changing programs of globin gene expression. Isolation of these progenitors and the colonies that they produce will provide more detailed understanding of switch kinetics and perhaps useful approaches to switch manipulation.
